Abstract -Significant advances in NMR detection of insensitive, low-frequency spin-l/2 and quadrupolar nuclei have caused rapid progress in the application of transition metal NMR spectroscopy to organometallic chemistry. As a result, the structural dependence of metal NMR parameters, i.e. chemical shifts, heteronuclear and homonuclear spin coupling and relaxation times, has become a topical field of research.
Following a survey of current detection methods, high-resolution and broad-line NMR spectra of 57Fe, 59Co and '°3Rh nuclei in mono-and dinuclear olefin complexes are discussed. Particular attention is given to structural effects on nuclear shielding in low-valent metal complexes, to metal-carbon spin coupling, stereoelectronic effects in p,d-bonding, charge distribution in dinuclear complexes, and to intramolecular dynamic processes.
For substituted CpCo(COD) and IndCo(COD) complexes quantitative correlations between 59Co shielding and the activity and regioselectivity in homogeneous catalysis of the pyridine synthesis permit a novel and effective screening of catalysts.
INTRODUCTION
The thorough investigation of transition metal NMR spectroscopy of organometallic compounds was handicapped for a long time by a lack of sensitive detection techniques suitable to cover a wide range of resonance frequencies. During the past few years, the availability of high-field spectrometers, with provision for the use of large sample volumes in conjunction with broadbanded r.f. electronics and programmable pulse generators, has caused a real break-through in a field which may be considered of great potential for organometallic chemistry and homogeneous catalysis.
METHODS
Experimental problems for the detection and routine measurement of transition metal resonances may arise from either of the following facts. First, very small magnetic moments lead to low Larmor frequencies and sensitivities and, for spin-l/2 nuclei, to rather long spin-lattice relaxation times, e.g. 57Fe, '°3Rh, '°7Ag/'°9Ag. Second, nuclei with spin -1 may have large electric quadrupole moments (e.g. 59Co, 61Ni, '°5Pd) which cause extremely short nuclear relaxation times T1 and T2, the latter being responsible for large experimental line width (up to 30 KHz). In addition, low natural isotope abundance may lead to detection problems due to very small over-all receptivity. The magnetic properties of some typical transition metals of major chemical importance are summarized in Table 1 . Although in this account we will focus our attention on NMR spectra of some group VIII nuclei the following Table 2 is meant to illustrate the variety of methods nowadays available for the general detection of transition metals in organometallic compounds in the liquid state. The rather unexplored but also rapidly developing area of metal NMR of solids will not be discussed here.
normal pulse techniques at low or medium field strength B0
normal pulse techniques at high fields or steady state techniques at low fields or polarization transfer (INEPT, DEPT) large sample volumes
It is evident that the main improvements for the measurement of low-y spin-l/2 nuclei arise from the application of high magnetic fields and pulse techniques causing polarization transfer from fast-relaxing and sensitive nuclei such as 1H, '9F or 31P (ref. 2) . In a field of B0 = 9.4 T spin lattice relaxation times (Table 4) times T, (ref. 3, 4, 5) . The considerable increase of sensitivity at high fields thus originates from its about linear dependence on B0 and a much more effective T, relaxation (Table 4) due to significant chemical shift anisotropy contributions. For quadrupolar nuclei, both the sensitivity gain from higher fields and the increased spectral width of broad-banded r.f. electronics ( 170 KHz) contribute to facilitate signal detection. The maximum signal enhancement factor for polarization transfer from protons is given by y(H)/y(M) which can be as large as 30 for low-y nuclei such as or '7Fe.
As a result of these experimental improvements the NMR spectral parameters of transition metal nuclei are now more readily accessible, i.e. shielding values, heteronuclear and homonuclear spin coupling constants, and relaxation times. Their determination and application in structural studies has become a topical field of research and enables the chemist and biochemist to probe the reactive centre and dynamic behaviour of metal complexes.
APPLICATIONS 57Fe-NMR Studies
In continuation of our earlier studies on the geometry of transition metal complexed dienes, using high-resolution 'H-and '3C-NMR spectra (ref. 8, 9), we have investigated '7Fe chemical shifts in a large series of (-diene)Fe (CO)3 complexes (ref. 4a) in order to determine in which way shielding of the metal nucleus is influenced by ligand geometry, substituents and heteroatoms in low-valent iron complexes. Figure 1 shows a typical 57Fe spectrum and illustrates the excellent sensitivity and resolution obtainable at 12.9 MHz and with 20 mm sample tubes in a 9.4 T wide-bore superconducting magnet. . 57Fe-NMR spectrum of (2,4-dimethylpenta-l,3- 4a, 13) . It was in this class of complexes that an interesting and apparently general shielding phenomenon for transition metal olef in complexes was observed for the first time, the subtle dependence of 57Fe shielding on diene geometry and steric effects of alkyl substituents. As seen from the data in Table 3 Although this gem-dimethyl effect is large (+ 100 ppm) and additive, the substituent effects on the 57Fe resonance in cationic 3-allyl systems are more complex than in -diene systems, presumably due to the greater mobility of the coordinated allyl ligand. Also, an inductive effect leading to a shielding of the iron nucleus can be recognized, e.g. on introduction of a transmethyl group at C(4J of complex 2 (884.0 ± 1.4 ppm). Such shielding effects are described also for methyl-substituted (Ind)Co(diene) complexes. Larger substituent effects are observed for complexes with electronegative groups on the diene system, e.g. COOC2H5,COCH3, CHO, and CN groups. These effects become most pronounced when an electronegative atom is directly attached to the metal, as in the series of (3-allyl)Fe(CO)3X complexes (X = Cl, Br, I). Schematic spectra are illustrated in Fig. 3 . We learn from these data that 57Fe shielding decreases with increasing electronegativity of the halogen atom and correlates semi-quantitatively with electronegativity values. Further, in the case of the iodo complex, the two stereoisomers, . The highly shielded 57Fe resonance of 8 (relative to 6) is preserved in the dinuclear complex 9 indicating that there is very little, if any, charge transfer from the electron-rich 18e iron atom to the l6e Rh+ atom. The latter shows the typical shift of cationic Rh(diene) groups which are discussed in the chapter on '°3Rh-NMR. Thus, the dinuclear complex 9 can be justly described as an (l8+16)e complex. Further studies of this kind are encouraged involving other metal pairs but it must be emphasized that, as in the present case, chemical shift data of corresponding neutral, cationic and anionic mononuclear complexes must be determined for comparison.
Note a: The samples were kindly supplied by Dr. F. Mathey, IRCHA-CNRS (Thiais). As mentioned earlier, detection methods for transition metal nuclei may be optimized if the spin-lattice relaxation times are known. Precise data obtained at different field strengths and temperatures are still scarce. In Table 4 we have collected T1 values for 57Fe from the ZUrich and Tübingen laboratories and data published from other research groups. It is evident that T1 may vary between 100 s and 10 ms and that only larger molecules exhibit T1 values below 1 s at ambient temperature. The field dependence is considerable, except for the highly symmetrical iron pentacarbonyl. Dipole-dipole interaction is not effective since no NOE is observable in (diene)Fe(CO)3 complexes and ferrocene. Therefore, the important relaxation mechanisms for 57Fe (and other similar spin-l/2 metals) are chemical shift anisotropy (B dependent) and nuclear spin rotation. An additional mechanism could be envisaged on the basis of scalar interactions with any paramagnetic species present. _ 1720 ppm = 21.7 kHz PPM that the Rh(O) and Rh(I) species are preserved in the dinuclear complex despite the presence of a weak Rh-Rh bond (296.2 pm), so that this complex may be described as another (l8+l6)e system, just as in the case of complex 9.
The characteristic influence of diene geometry on the metal chemical shift, already described in the iron series, is also observed in CpRh(diene) complexes (Fig. 6 ). Here, the stereoelectronic effect is further reflected in the one-bond 103Rh,13C coupling constants (Table 5 ) which increase for the terminal carbons of the l,3-diene system with increasing ring size. Thus, the s-character of the carbon orbital in the Rh,C bond increases due to (sp2,p) + sp3 rehybridization. At the same time, Rh,C coupling involving the central C-atoms of the diene decreases. The overall change in carbon orbital overlap with the rhodium d-orbitals leads to metal deshielding. CpRh-r' 11.9
Cp

9.4
CRh-,,J Rh-NMR was successfully applied to support the structures of the isomeric dinuclear complexes (CpRh)2C0T (10) and (12) 
Rh
The yellow symmetrical trans-complex 10 shows one '°3Rh signal at -218 ppm, in agreement with -l,2:5,6-coordination (CpRhCOT: -348 ppm) whereas in the red complex 12, despite its fluxional structure, the two Rh atoms are nonequivalent and more shielded, one Rh atom always being n3(cr,n)-and the other n3N-allyl)-coordinated. While the '3C spectrum of eight ring carbons is temperature-dependent (i. are observed with a doublet splitting due to coupling with the central phosphorus atom, the result being supported by the crystal structure.
As yet, no direct applications of '°3Rh-NMR to studies of nuclear systems relevant to homogeneous catalysis have become known. However, it will be shown in the subsequent chapter that the investigation of substituted CpCo(diolefin) complexes has revealed systematic structural effects on the 59Co resonance, which have been successfully applied in correlations with and predictions of the activity and regioselectivity of homogeneous catalysts. The reason for this fact lies in the large 59Co-NMR line width (5-30 KHz) associated with complexes of low symmetry and high molecular weight due to large electric field gradients and slow molecular tumbling, respectively. The very short relaxation times, however, permit rapid pulsing and thus, together with the high receptivity of this nucleus (Table 1) , an efficient detection even in dilute solutions. Modern high-field multinuclear spectrometers can handle line widths up to 35 KHz and, therefore, the systematic investigation of cobalt(olef in) complexes becomes feasible. We have recently studied a variety of CpCo(diolefin) complexes which cover a chemical shift range of more than 2000 ppm (ref. 24, 31) . Since this topic is subject of a separate communication at this conference (ref. 31b), we will only outline a few important findings and then discuss their application to homogeneous catalysis.
59Co-NMR
It is important to realize that 59Co chemical shifts and line widths, like those of other transition metal resonances, are solvent-and temperaturedependent. An interpretation of these parameters should, therefore, be based on data obtained under comparable conditions. It may be advantageous in some cases to increase solvent polarity and temperature to reduce the experimental line width if the 59Co resonance is detected only with difficulty. Figure 9 illustrates 59Co signals of two typical olef in complexes. In Fig. 10 -1062 ppm 59Co chemical shifts of CpCo moieties, -complexed with cyclic or non-cyclic dienes, extend over a range of 2200 ppm, corresponding to more than 10% of the total shift scale of this nucleus (Fig. 8) . They are, therefore, sensitive to details of ligand structure and coordination, and some trends are as follows:
1) l-4--diene complexes show the highest shielding, i.e. in the range from -2900 ppm to -1270 ppm.
1,2:4,5-diene complexes are less shielded, i.e. from -1370 to -1010 ppm.
1,2:5,6-systems appear at the highest frequency, i.e. from -1140 ppm to -600 ppm.
2) Within the group of l-4--diene complexes shielding decreases with increasing ring size, i.e., with increasing C,C,C-bond angle.
3) Within the group of 1,2:5,6-dienes, further conjugation of the 1,5-diene system leads to a high-frequency shift. 6) Substitution at the cyclopentadienyl moiety by electron-withdrawing or electron-donating substituents causes systematic shifts towards high and low-frequency, respectively.
It should be notet that similar trends in the shielding of low-valent metal (diolef in) systems are observed for Co, Rh and Fe complexes. It is also of interest with regard to homogeneous catalysis by cobalt complexes that the thermally less stable l,2:5,6--complexes are strongly deshielded relative to the less reactive l-4--complexes, in particular CpCo(cyclobutadiene) which cannot be thermally activated < 2000 (ref. 32) . Further 59Co-NMR data on organo-cobalt complexes, including (3-allyl)3Co systems, have recently been reported by Benn et al. (ref. 34) .
At this point of our investigations on the 59Co resonance in olef in complexes, we had the good fortune to come into close contact with the research group of Prof. H. Bdnnemann (MPI MUlheim) who is engaged in the Co-catalyzed synthesis of pyridine derivatives from acetylenes and nitriles (ref. 30) . Subsequent work in the Zurich and Mülheim laboratories has revealed excellent correlations of 59Co shielding values with catalytic data obtained in a continuous flow reactor (ref. 32, 33, 30) . At present, the correlations include over 30 active catalysts of the CpCo(COD) and (indenyl)Co(COD) types, the catalytic activity being determined under standardized conditions using the test reaction (+ corresponding benzene derivatives)
Under standardized concentration conditions for educts and catalysts the temperature was determined at which 65% of the propyne is transformed continuously to products. This temperature value is a good measure for the activity of the Co catalyst, and correlations of T withM(Co) for R-CpCo ( A second type of correlation of 59Co shifts was obtained with the regioselectivity of the catalysts (Fig. 13) . Clearly, the active catalysts with deshielded 59Co signals are less selective with respect to the ratio of sym/unsym. products (Scheme 5) than the highly shielded and less reactive representatives.
Me N Et The basis for these novel correlations between a metal chemical shift and catalytic activity is given by the fact that the substituent effects observed in the 59Co resonance of the pre-catalyst RCpCo(COD) are also effective in the catalytically active species {RCpCo} since the RCp moiety remains attached to the cobalt centre throughout the catalytic cycle. Practical limitations of this catalyst screening method are set by the excessive 59Co line width of larger catalyst molecules (cf. Fig. 9 ) or solubility problems in the flow reactor.
An attractive extension of the application of 59Co-NMR to chemical reactivity can be envisaged in biocatalysis using cobalamins (vitamin-B12 derivatives). Preliminary experiments in our laboratory, in collaboration with Dr. B. Krutler (ETH-Zürich), have shown that the molecular size of these complexes is not a limiting factor. in obtaining 59Co shielding data. As an illustration the 59Co spectra of vitamin B12 (cyanocobalamin) and methylcobalamin are depicted in Fig. 14 . The high sensitivity of detection allows the study of rather dilute solutions (millimolar), and the line-width can be reduced sufficiently at temperatures above 300 K.
An early study (1969) 
CONCLUSIONS
Despite the inherent experimental difficulties associated with NMR spectros- 
